Dynamic change in microbial flora was monitored with an oxygen electrode. The 1 st phase microorganisms, which first grew well in LB medium, were followed by the 2 nd phase microorganisms, which supposedly assimilated microbial cells of the 1 st phase and their metabolites. In a similar way, a change in microbial flora was observed from the 1 st phase to the 4 th phase in 84 hr. Based on this observation, prolonged enrichment culture was done for as long as two months to increase the ratio of existence of rare microorganisms.
It has become clear that less than 1% of microorganisms in the ordinary environment can be cultivated with conventional culture techniques: 1) culture media, culture conditions, and detection of microbial colonies with the naked eye. It stimulates us, from the standpoint of applied microbiology, to develop new methodologies that allow us to cultivate and isolate uncultivable microorganisms, leading to the exploitation of their new functions.
While there are a vast majority of uncultivable microorganisms, on one hand, there exist, in the ordinary environment, a minority of microorganisms that cannot be isolated due to their extremely low ratio of existence. Such rare microorganisms are also to be exploited for their novel microbial functions.
In the field of investigational search for new biologically active substances, where more than 10,000 compounds of microbial origin accumulate, we almost cannot expect to find a new compound with practical significance by using conventional methodologies of microbial isolation and assay system. We need a new collection of novel microorganisms.
Under those circumstances mentioned above, we began studies of cultivation and isolation of microorganisms belonging to the majority group that nature can cultivate but researchers cannot, and the minority group that are also difficult to find. This paper deals with discovery of several novel microorganisms belonging to the minority group that could be isolated with enrichment culture for as long as two months. In addition, only such extremely small colonies that were detected not by the naked eye but under microscopic observation were selected.
Materials and Methods
Microbial source. Soil samples were collected on the campus of the Faculty of Agriculture, Shinshu University, located in Minamiminowa-mura, Nagano, Japan. Soil samples were used as microbial sources for the enrichment culture. Similarly, the culture liquids were also used as microbial sources for isolation of rare bacteria.
Culture media. Culture media used were as follows. LB consisted of 10 g/l peptone, 5 g/l yeast extract, and 5 g/l NaCl. LB was diluted 10 times and 100 times to prepare 1/10LB and 1/100LB respectively. AG(CL) 3 . YS contained 10 g/l soluble starch and 2 g/l yeast extract. R consisted of 6.67 g/l peptone, 5.33 g/l nutrient broth, 5 g/l yeast extract, 5 g/l malt extract, 5 g/l casamino acids, 2 g/l glycerol, 1 g/l MgSO 4 Á7H 2 O and 0.05 g/l Tween 80. In order to prepare a solid medium, agar powder (NACA-LAI TESQUE, INC.) was added at the concentration of 1.5%. So medium AG contained only 15 g/l agar powder. The media were sterilized at 121 C for 20 min.
Culture condition. For solid culture, microorganisms were incubated mainly at 25 C unless otherwise noted. Prolonged enrichment culture in a shaken flask was as follows: a shaken flask (500 ml) containing 100 ml 1/ 10LB medium was inoculated with 0.05 g soil samples and cultured at 25 C for two months with shaking. In order to perform bacterial incubation under extremely low oxygen tension, an ''anaerobic pack (Mitsubishi Gas Chemical Co., Inc.)'' was used.
Microbial culture in a jar-fermentor was done using a 600-ml glass fermentor (Tokyo KJM) with a control apparatus (ABLE Co., AS-04-3). The culture vessel was equipped with a membrane-coated oxygen electrode. LB medium (400 ml) was inoculated with a 0.1-g soil sample and stirred gently (initially at 150 rpm) at 25 C. The dissolved oxygen level was maintained above ''zero'' to satisfy the cells' oxygen demand. The agitation speed was controlled according to the change in the microbial respiration rate. Aeration was not done, with the oxygen supply depending on the transfer from the free surface of the culture liquids. Sudden inactivation of cell respiration due to deficiency in assimilable nutrients was monitored by watching for a sudden increase in the dissolved oxygen level. Excess foaming was suppressed by soybean oil.
16S rDNA sequencing and phylogenetic analysis. 16S rDNA fragments from the crude lysate were amplified by PCR with a universal set of primers.
2) PCR products were sequenced with a SequiTherm cycle sequencing kit (Epicentre Technologies); this was followed by detection with a Pharmacia laser fluorescent DNA sequencer.
3) The sequences found were compared with those retrieved from the DDBJ/EMBL/GenBank nucleotide sequence databases. A distance matrix tree was constructed by the neighbor-joining method, 4) and the topology of the phylogenetic tree was built by bootstrap analysis, 5) using the CLUSTAL W program. 6) The 16S rDNA sequences of strains Shinshu-ah1, -ah2, and -ah4 were deposited in the DDBJ under accession numbers of AB100410, AB100409, and AB100411, respectively.
Results

Dynamic aspect of change in microbial flora as detected with an oxygen electrode
Microbial activity can be represented by their respiration rate, the changes of which, then can be monitored by the oxygen electrode.
A small glass culture vessel containing a sterilized LB medium was inoculated with a soil sample and stirred gently (150 rpm). As shown in Fig. 1 , after 7 hr lag time, microbial respiration began to be accompanied with growth. At the same time, the dissolved oxygen level markedly decreased, reflecting an increase in cell's oxygen demand. In order to maintain the dissolved oxygen level above ''zero'', agitation speed was kept at 1,500-1,850 rpm. This value showed an activity of microbial respiration, since the high agitation speed assured sufficient oxygen supply to cope with a high rate of oxygen consumption by the cells. However, at 20 hr, The culture was initiated as described in Materials and Methods. The dissolved oxygen level was controlled by agitation speed according to changes in the cells' respiration rate. Termination of cell respiration and its resumption were monitored. the dissolved oxygen level suddenly returned to the initial value, implying that microbial respiration completely ceased due to nutritional deficiency. This phase (7-20 hr) was designated as the 1 st phase, where microorganisms capable of assimilating nutrients in LB medium could proliferate.
At the end of the 1 st phase, it was considered that nutrients in LB medium were exhausted but organic matter consisting of microbial cells that proliferated during the 1 st phase and metabolites excreted by them appeared in the medium as new nutrients. Therefore, different kinds of microorganisms were expected to begin growing using these new nutrients in the 2 nd phase. Before the beginning of the 2 nd phase, the agitation speed was restored to 150 rpm. As expected, shortly after, a second decrease in the dissolved oxygen began, reflecting the activation of the 2 nd phase microorganisms. The dissolved oxygen level was maintained at approximately 25-30% so that its second rise could be easily detected. At 25 hr, the dissolved oxygen level again increased accompanied by the termination of the cell respiration.
In a similar way, a change in microbial flora was observed up to the 4 th phase in 84 hr. Culture liquids became transparent and microbial floc precipitated.
Isolation of bacterial colonies from prolonged culture liquids
Even though the majority of bacteria in the soil are uncultivable, as many as approximately 10 6 bacterial cells/gÁsoil formed colonies when cultivated on LBsolid medium. At first, among them, we searched for an extremely small colony, which can only be observed under the microscope (Â40). They were expected to be novel microorganisms, having escaped researcher's observation. However, when transplanted again to LB medium, all of them formed visible colonies. Even though such a small-colony forming bacterium had existed at the ratio of 10 À4 -10 À3 , it would have been practically impossible to isolate them.
The previous culture experiment in Fig. 1 suggested that the dominant microorganisms grown in the 1 st phase were suitable for the cultivation in LB medium, but not in the culture system of the 2 nd phase. They might even become the nutrient source for microorganisms dominantly active in the 2 nd phase. Therefore, the ratio of microorganisms suitable for LB medium was expected to markedly decrease in the 2 nd , 3 rd and 4 th phases. In order to decrease the ratio of microorganisms suitable for LB medium and increase the ratio of rare microorganisms, the culture in a shaken flask was prolonged for as long as two months. A shaken flask containing 1/10LB medium was inoculated with the soil sample, and cultured. Microorganisms living in thusprepared culture liquids were considered to have the following two growth properties: a low growth rate and requirement for nutrients in the culture liquids. Therefore, colony isolation procedures were done as follows with particular emphasis on extremely small colony formation.
Colonies were formed on AG(CL) solid medium using 0.1 ml of 10 5 diluted culture liquids. In 19 days, approximately 110 colonies/petri dish were observed. However, after that, small colonies continued to appear. Among them, extremely small colonies that were hardly visible with the naked eye but clearly observed under the microscope (Â40) were picked up. A total of 148 colonies were obtained in 8-39 days.
All of the 148 colonies thus obtained were transplanted to both LB and AG(CL) media in an attempt to find a microorganism that required some nutrients in the culture liquids. All of them grew in both media to the same extent. However, growth of four colonies was extremely slow in both media: extremely small colonies scarcely visible were observed in 3 days. These microorganisms were provisionally designated as Shinshuah1, -ah2, -ah3, and -ah4 for further study.
Some growth properties of four microorganisms Appearance of bacterial colonies, which were cultured on LB solid medium and observed at 10 days, was as follows. All of them were circular cones. Their colors were different: Shinshu-ah1 was white, Shinshu-ah2 transparent white (yellow after one month), Shinshu-ah3 pink, and Shinshu-ah4 white. A common characteristic was that they had extremely small colonies, whose diameter being less than 1 mm on LB medium. Sequence analysis of 16S rDNA of these bacteria, which will be shown shortly after, indicated that Shinshu-ah3 seemed identical to Methylobacterium mesophilicum. Therefore, a further detailed growth study was not done for this already known bacterium.
It was considered that LB medium was not adequate for the cultivation of these bacteria (Shunshu-ah1, -ah2, and -ah4) due to insufficient or excess nutrients content. Therefore, several other media including NB, Shaeffer, Albumin, YS, R, 1/10LB and 1/100LB were examined to see whether sufficient colony formation was possible on these solid media. However, these media could not support sufficient colony formation of these bacteria, as shown in Fig. 2 . Smaller colonies of these bacteria on every media examined were distinguished as compared to a large colony of E. coli.
Optimum temperature for the growth of Shinshu-ah1, -ah2, and -ah4 was 25-30 C. Growth temperature of 37 C was inhibitory for the three bacteria, although the extent was different for each: the inhibition was complete for Shinshu-ah2, marked for -ah1, and slight for -ah4.
Catalase activity of these bacteria was extremely weak as compared to E. coli or Corynebacterium lactofermentum (data not shown). So it was expected that they could form larger colonies by avoiding oxygen toxicity under extremely low oxygen tension. However, under such a condition, the growth of these three bacteria was markedly inhibited.
All of them could grow in liquid culture, although culture time was longer and maximum growth obtained being very small as compared to Escherichia coli as shown in Fig. 3 .
16S rDNA Analisis of Four Isolated Bacteria
Analysis of an approximately 700-1450 base pair sequence of 16S rDNA from the above mentioned four bacteria indicated that Shinshu-ah3 seemed identical to Methylobacterium mesophilicum, however, Shinshuah1, -ah2 and -ah4 were previously undescribed bacteria: Shinshu-ah1(AB100410) with 97% sequence similarity to uncultured alpha proteobacterium, Bradyrhizobium sp. Pp3a-10, Bradyrhizobium japonicum, Bradyrhizobium sp. Pplu1-1 and Photorhizobium thompsonianum, Shinshu-ah2(AB100409) 91% to Rasbo bacterium, alpha proteobacterium 34619, unidentified bacterium, Bradyrhizobium genosp. P and Afipia felis, Shinshu-ah4(AB100411) 95% to Agromyces ramosus DSM 43045 and Curtobacterium citreum DSM 20528, 94% to Rathayibacter rathayi DSM 7485, 93% to Subtercola frigaramans and 92% to Clavibacter michiganensis as shown in Table 1 . The nucleotide sequence of them has been submitted to DDBJ.
Phylogenetic dendrograms were constructed based on the nucleotide sequences of 16S rDNA for the strain Shinshu-ah1 and -ah2 (Fig. 4) and -ah4 (Fig. 5) . Both of the strains ah1 and ah2 belonged to the order Rhizobiales and shared a common line of descent with members of the family Bradyrhizobiaceae. However, the strain ah1 could not be attributed to any known genera and formed a distinct cluster along with an uncultured alpha proteobacterium (environmental clone sequence), suggesting that it could constitute a new genus. The strain ah2 also represented a novel and deep lineage within this family, therefore, it should be allocated to a new genus or possibly to a novel higher taxon.
As shown in Fig. 5 , the strain ah4 was assigned to the genus Agromyces in the family Microbacteriaceae, with A. mediolanus as the closest relative species (homology: 96.3%). Since the sequence similarity level was lower than the generally recognized borderline (97%) for defining a bacterial species, 7) the strain ah4 seemed to form a new species.
Discussion
In an attempt to isolate novel microorganisms, extremely small colonies scarcely visible to the naked eye were selected, since visible colonies would already have been observed and identified: many microbiologists have been involved in this field for a long time. The novel bacteria in this report, which were enriched with the prolonged culture and formed small colonies, are considered to have the following two properties: a slow growth rate and inclination for poor nutritional environments. In contrast, microorganisms that have already been found and identified are those which can be isolated by the conventional technique, and so grow well in the nutritionally rich media under conventional culture conditions, forming visible colonies easily observed with the naked eye. Shinshu-ah1, -ah2, and -ah4 were cultivated at optimum temperature of 25 C, and E. coli at 37 C. The media used were as follows. Symbols: , LB; , 1/10LB; , 1/100LB; , AG; , NB; þ, Schaeffer; , Albumin; , YS; À, R. That of Escherichia coli. Symbol: , E. coli; , Shinshu-ah1; , Shinshu-ah2; , Shinshu-ah4.
The novel microorganisms described in this paper are surely important members in the microbial ecosystem, although they are very difficult to find. In nature, a wide variety of organic compounds of animal and plant origin are constantly supplied to the soil. Microorganisms that first grow well by assimilating these organic compounds will be easily isolated with the conventional isolation technique. After the growth of such microorganisms, different kinds of ones similar to the 2 nd phase microorganisms in this paper will then grow, assimilating such microorganisms or their metabolites. Furthermore, the growth of microorganisms that were activated in the 3 rd and 4
th phases in this paper will follow. One such example was reported by Beppu et al., 8, 9) showing bacterial symbiosis. In this case, a symbiont of Symbiobacterium requires a conditional medium prepared by other bacteria. But even in the presence of the conditional medium, it forms an extremely small colony. Harayama et al. clearly showed that microbial degradation of petroleum in the ocean is carried out by a smallcolony forming bacterium. 10, 11) The degradation in nature is not due to large-colony forming bacteria that were easily isolated in the laboratory as petroleumassimilating, but to a small-colony forming bacterium the DNA of which rapidly increases in the petroleumcontaminated ocean. The bacterium was afterward isolated as petroleum-assimilating with the prolonged enrichment culture in the laboratory. Tsuchida et al. isolated several kinds of bacteria from activated sludge. They require a supernatant of activated sludge for their growth, implying their growth is dependent on some metabolites of other microorganisms.
12) The bacteria form large visible colonies on the supernatant-supplied medium. Furthermore, Kaeberlein succeeded in pure culture of previously uncultivated marine microorganisms in the presence of other microorganisms. 13) It is to be noted that among the four bacteria isolated with our enrichment culture, three were previously undescribed new microorganisms. By applying this method we can expect to find many more novel microorganisms.
A group of bacteria including the rare bacteria of this study is considered to exist, having common characteristics such as a close evolutionary relationship to each other and the difficulty in cultivating and isolating them in the laboratory. In the case of Shinshu-ah2, for example, already known bacteria of Rasbo bacterium, Bradyrhizobium and Afipia felis have 16S rDNA sequence most homologous to it. Rasbo bacterium was first isolated from blood samples of a patient with sepsis and cultivated on a monolayer of Velo cells.
14) Bradyrhizobium is well known for its extremely small colony formation, and so is difficult to isolate, and several species of Afipia felis were cultivated and isolated with an amoebal co-culture procedures. 15) These kinds of microorganisms mentioned above, that are to form a new microbial collection, are sure to be further investigated not only for deeper understanding of the microbial ecosystem but also for further advances in applied microbiology. The partial base sequences (corresponding to 75 to 1029 in E. coli. numbering system) were used to construct the tree. Bootstrap values at the node were calculated from 1,000 resamplings. Bar, 10% estimated sequence divergence. The partial base sequences (corresponding to 46 to 1029 in E. coli. numbering system) were used to construct the tree. Bootstrap values at the node were calculated from 1,000 resamplings. Bar, 1% estimated sequence divergence.
